Journal Title: Acta Biomaterialia Volume: Volume 68 Publisher: Elsevier | 2018-03-01, Pages 125-136 Abstract Protein delivery is often used in tissue engineering applications to control differentiation processes, but is limited by protein instability and cost. An alternative approach is to control the cellular microenvironment through biomaterial-mediated sequestration of cell-secreted proteins important to differentiation. Thus, we utilized heparin-based microparticles to modulate cellular differentiation via protein sequestration in an in vitro model system of endochondral ossification.
Introduction
Tissue engineering requires the precise regulation of cellular differentiation events [1] . Generally, this has been achieved through controlled delivery of recombinant protein, but this technique can be limited due to the short half-life and high expense of these molecules [2, 3] . Additionally, this technique fails to directly modulate endogenous, cell-secreted proteins in the cellular microenvironment. Modulating local concentration of cell-secreted protein via biomaterial-based approaches could be particularly advantageous as it eliminates cost of recombinant proteins, may reduce off-target effects, and could potentially be effective over a longer period of time [2] . Recent examples demonstrate that biomaterialmediated sequestration, or binding, of endogenously produced chemokines has successfully reduced local inflammation [4, 5] , increased function and survival of cardiac progenitor cells [6] , and primed mesenchymal stem cells (MSCs) toward an osteogenic lineage [7] . While these results are encouraging, the ability of biomaterials to temporally modulate cellsecreted protein to affect cellular differentiation has not yet been fully explored.
Glycosaminoglycans (GAGs) have often been incorporated into biomaterials to enhance protein retention for controlled delivery applications and thus are an attractive material to employ for modulation of cell-secreted protein [8] . GAGs are polymers composed of highly sulfated disaccharide units, conferring a negative charge that allows binding, of positivelycharged proteins [9] . In particular, because heparin/heparin sulfate has a strong negative charge and interactions between growth factors and heparin are specific and of high affinity but not covalent [10] , materials have been modified with heparin and heparan sulfate to enhance protein loading, stability, and release in many controlled delivery vehicles [2, 3, [10] [11] [12] . Often, heparin is covalently modified and cross-linked into hydrogels to control delivery of proteins such as fibroblast growth factor (FGF)s, bone morphogenetic protein (BMP)s, vascular endothelial growth factor (VEGF)s, transforming growth factor (TGF)-βs, and other positively charged proteins to enhance tissue differentiation and healing [13] [14] [15] [16] . In general, reduced burst released and lower total release is observed in hydrogels that contain heparin due to increased attraction of proteins to the biomaterial matrix [15] [16] [17] [18] [19] [20] . Thus, incorporation of heparin into controlled delivery vehicles can affect the rate of protein release, and can be tuned for specific applications.
While GAGs have been employed for controlled protein delivery, they have not been fully investigated for protein sequestration, or binding, of proteins in the cellular microenvironment. Due to their protein binding ability, GAGs such as chondroitin sulfate, dermatan sulfate, and heparan sulfate are implicated in a variety of physiological processes, including metabolism, basement membrane organization, cell signaling, injury response and repair, and tissue development [21] . Several natural functions of GAGs are of particular interest when designing strategies to modulate differentiation via endogenous protein sequestration, including their ability to enhance protein activity at the cell-surface and to locally sequester protein, creating protein reservoirs of high concentration, in the extracellular matrix (ECM) [21] . For example, heparan sulfate is known to facilitate FGF signaling by acting as a co-receptor on the cell-surface [21] . In addition, chondroitin sulfate is known to bind or sequester Indian hedgehog (IHH) in the growth plate ECM, effectively creating IHH reservoirs and thus controlling its diffusion in growing limbs [22] . Finally, GAGs have been observed to inhibit development of kidney rudiments in organ culture, likely due to sequestration of cell-secreted protein away from cell receptors [23] . Taking inspiration from these functions of GAGs during development, in particular the ability of GAGs to sequester protein locally, we have developed a heparin-based microparticle (MP) [24] strategy to modulate cell-secreted proteins. Heparin-based microparticles are particularly advantageous in studying protein sequestration due to their high binding capacity [24] and their ability to be incorporated into 3D cell aggregates [25] [26] [27] [28] .
To investigate the ability of heparin-based MPs to temporally modulate cell differentiation, we employed an in vitro model system of endochondral ossification. Endochondral ossification is the process by which cartilage is converted to bone during long bone development [29] . This process occurs in the growth plate and involves maintenance of cells at specific stages of differentiation in a particular spatial organization, which is achieved by modulating local protein concentrations [29] . Many of these proteins are heparin-binding proteins, including BMPs, FGFs, IHH, insulin-like growth factors (IGFs), IGF binding proteins (IGFBPs), and VEGFs [29, 30] . Thus, the differentiation process of endochondral ossification is an excellent model system in which to evaluate the ability of heparin-based materials to modulate differentiation through binding of endogenous protein.
As a model platform, we chose the ATDC5 cell line, a teratocarcinoma-derived murine cell line well-documented to produce heparin-binding protein as it undergoes endochondral ossification in vitro [31, 32] . Unlike primary chondrocytes or mesenchymal stem cells, which are often used in models of endochondral ossification but can undergo dedifferentiation or early ossification [33] , the ATDC5 cell line provided a robust and predictable model system upon which to thoroughly interrogate heparin-based approaches to modulate differentiation.
(transwell) culture formats, without increasing cell number. In order to determine the mechanism behind the lower level of differentiation observed, SDS-PAGE and mass spectrometry were used to determine that heparin was sequestering cell-secreted IGFBPs. Finally, the addition of a small molecule inhibitor of IGFBPs produced similar results to those seen in cultures containing heparin MPs. Overall, these studies indicate that heparin MPs have the potential to modulate cellular differentiation through sequestration of endogenous protein, which is a novel strategy to direct cellular differentiation in future tissue engineering applications.
Materials and Methods

Material Synthesis
Heparin methacrylamide (MAm) was functionalized as previously described [7] . Briefly, 20 mg mL −1 heparin was reacted with 83 mM N-hydroxysulfosuccinimide sodium salt (Sigma-Aldrich), 100 mM N-(3-aminopropyl) methacrylamide hydrochloride (Polysciences), and 78 mM (N-3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) (Sigma-Alrich) in a pH 5 phosphate buffer for 2 hours on ice. Additional EDC was added, resulting in a final molarity of 156 mM. After 4 additional hours, the solution was dialyzed for 2-3 days and lyophilized.
Poly(ethylene-glycol) diacrylate (PEG-DA) (Sigma-Aldrich; 8 kDa for MPs in spheroid studies, 3.4 kDa for MPs in transwell studies) was functionalized according to previous methods [34] . Briefly, PEG (Sigma-Aldrich) was reacted with acryoloyl chloride (Sigma-Aldrich) at 100% molar excess in methylene chloride (Fisher Scientific). Triethylamine (Sigma-Aldrich) was added to the reaction to achieve a 1:1 molar ratio of triethylamine:PEG. This reacted under nitrogen purge overnight, at which point the aqueous and organic phases were separated and PEG was precipitated from the organic phase using diethyl ether (EDM Millipore) and dried using a solvent trap. All polymers were stored at −20°C prior to use. Polymers were characterized using NMR (See Supplementary Information).
Microparticle Fabrication and Characterization
Heparin MPs were formed via water-in-oil emulsion as previously described [24] . Briefly, an aqueous phase of 10% heparin MAm (wt%), 18 mM ammonium persulfate (Sigma-Alrich), and 18 mM N,N,N′,N′-Tetramethylethylenediamine (Sigma) was emulsified against corn oil with 1.67% (v/v) Tween-20 (polysorbate 20; BDH) at a 1:120 ratio aqueous:oil phase. MPs were cross-linked under nitrogen purge at 60°C for 30 minutes, then washed with acetone and water. PEG MPs were formed via water-in-water (spheroid studies and BMP-2 pull-down studies) or water-in-oil (transwell and SDS-PAGE studies) emulsion techniques. For the water-inwater emulsion, a PEG-DA phase (150 mg mL −1 8 kDa PEG-DA, 2 mg mL −1 poly-L-lysine (PLL) (Sigma-Aldrich), 0.05% (w/v) Irgacure D2959 Photoinitiator (Ciba) in PBS) was emulsified against a dextran phase (50% (w/v) 70 kDa dextran (Sigma-Aldrich), 2 mg mL −1 PLL in PBS) at a 1:4 ratio by 30 seconds of vortexting and ultrasonication at 21 mW energy for 1 minute. For the water-in-oil emulsion, an aqueous phase (16 wt% 3.4 kDa PEG-DA, 0.05 wt% Irgacure D2959, and 2 mg mL −1 PLL) was homogenized against an oil phase (light mineral oil (white, Ameresco), 1.3% (v/v) Span-80 (sorbitan monooleate; TCI)) at a 1:16.7 ratio, then nitrogen purged for 1 minute. In both cases, MPs were then cross-linked under UV light (approximately 10.5 mW cm 2-1 ) in a 35x10 mm petri dish for 10 minutes and washed in water.
MPs were sized using phase microscopy images and ImageJ. For cell studies, MPs were sterilized by incubating in 70% ethanol for 30 minutes followed by three 30 minute PBS washes. For BMP-2 binding study, 0.1 mg heparin and PEG MPs were incubated with 0.1 µg BMP-2 (murine, R&D Systems) overnight in 0.5 mL 0.1% bovine serum albumin (BSA) in PBS. MP solutions were then centrifuged and supernatant was removed. Concentration of BMP-2 in the supernatant was assessed by an enzyme-linked immunosorbent assay (ELISA) (R&D Systems) using kit standards, as per manufacturer's instructions.
ATDC5 Cell Culture
ATDC5 cells were expanded in maintenance media (DMEM/F-12 with L-glutamine (Life Technologies), 5% fetal bovine serum (FBS; Atlanta biologics), 100 IU Penicillin (Mediatech), 100 ug mL −1 Streptomycin (Mediatech), 0.25ug mL −1 Amphotericin B1 (Mediatech), 30 nM Sodium Selenite (Sigma-Alrich), and 10 µg mL −1 transferrin (Life Technologies)) and experiments were conducted in mineralization media (maintenance media plus 10 µ g mL −1 insulin (Sigma-Aldrich), 10 mM sodium β-glycerophosphate pentahydrate (Alfa Aesar), and 50 µg mL −1 L-ascorbic acid-2-phosphate sequimmagnesium salt hydrate (Sigma-Aldrich)).
For spheroid studies, cells and MPs were combined at a 3:1 and 1:3 MP:cell ratio to form spheroids via forced aggregation into 400 µm agarose wells ( Fig. 1a ) [26] . After 18 hours, spheroids were transferred to mineralization media in low adherence dishes (6000 spheroids/ plate; BD Biosciences, 10 cm diameter) on rotary culture at 65 RPM. Media was changed every 3 days. For transwell studies, ATDC5 cells were plated at a 6500 cells cm 2-1 in 12well plates in maintenance media until confluent (3-5 days). Once confluent, media was changed to 2.5 mL mineralization media and treatment groups were added. 2 mL of media was removed in each group (to account for 0.5 mL media remaining in transwell insert) and a fresh 2 mL of media was added each day. For MP groups, 3.28 mg MPs were added to each transwell insert.
Histological Analysis
For histological analysis of ATDC5 spheroids, spheroids were imbedded in Histogel, sectioned at 10 µm sections and stained with Safranin-O according to standard protocols. Immunostaining for ECM deposition was performed using primary antibodies for collagen type II (Abcam). Antigen retrieval was performed by incubating in 20 µg mL −1 proteinase K (Sigma-Aldrich) for 10 minutes at 37°C, blocked with 1.5% goat serum (Fisher Scientific), and incubated with the primary antibodies at a 1:20 dilution overnight at 4°C. Secondary antibody binding with Alexa Fluor 488-conjugated goat polyclonal anti-mouse 
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Author Manuscript immunoglobulin G (IgG, Molecular Probes) was performed at room temperature for 1 hour. Samples were counterstained with Hoechst (Sigma-Aldrich) to visualize the nuclei.
For alcian blue and alizarin red staining in transwell culture, cell monolayers were rinsed in ddH 2 O and fixed in 95% ice cold methanol for 30 minutes. Cells were stained with either 1% alcian blue 8GX (Sigma-Aldrich) or 2% alizarin red (Sigma-Aldrich) pH 4.2 in 0.1 M HCl for 1 hour. Cells were then rinsed with ddH 2 O and imaged. Stain was extracted by incubating stained cells with solutions of 6 M guanidine-HCl (Sigma-Aldrich, alcian blue) or 5% SDS in 0.5M HCl (alizarin red) for 6 hours. Absorbance was measured at 630 and 405 nm for alcian blue and alizarin red extractions, respectively.
qPCR and DNA Analysis
Spheroids were rinsed in PBS and subjected to lysis buffer for an hour at 4°C before mRNA was extracted using a QIAshredder tissue homogenizer and RNeasy kit with DNase I digestion (Qiagen). For monolayer cells, cells were lifted with 0.05% trypsin and washed once in PBS, then incubated in lysis buffer for 15 minutes. cDNA was generated using SuperScript III Reverse Transcriptase (Invitrogen) with Oligo(dT)15 primers and dNTPs (Promega). Gene expression was analyzed using quantitative PCR amplification performed on a StepOnePlus Real-Time PCR System (Applied Biosystems) in the presence of SYBR Green/ROX master mix (Applied Biosystems). Custom-designed primer sequences for collagen II, aggrecan, collagen X, and RSP-18 (Invitrogen) can be found in Supplementary   Table 1 .
To analyze PCR amplification data, the raw fluorescence data were processed using LinRegPCR (v12.11; http://www.hartfaalcentrum.nl). The starting amplicon number (N o ) was calculated based on mean efficiencies (E) and cycle threshold (C t ) using the formula N o = N t /E Ct , where N t is the amplicon number at the cycle threshold. N o for each target gene were normalized the starting amplicon numbers of the endogenous controls and then further normalized to no MP controls at each timepoint.
For DNA extraction, cells were trypsinized and then incubated in 1 mg mL −1 Collagenase 1A (Sigma-Aldrich) in Krebs-Ringer buffer (1.8 g L −1 D-glucose, 0.05 g L −1 magnesium chloride (anhydrous), 0.3 g L −1 potassium chloride, 7 g L −1 sodium chloride, 0.1 g L −1 sodium phosphate dibasic (anhydrous),0.2 g L −1 sodium phosphate monobasic (anhydrous), 1.3 g L −1 sodium bicarbonate, 0.03 g L −1 calcium, 10g L −1 BSA) overnight at 37°C in a 24 well plate on rotary. 1 mL 0.1% (v/v) Triton X-100 (Amresco) was added and solution was frozen at −80°C for 1 hour. Samples were then thawed, sonicated on ice for 30 minutes, frozen at −80°C for 1 hour and thawed. Samples were spun down and supernatant was used to assess DNA content with the CyQUANT Assay (ThermoFisher Scientific).
Microparticle SDS-PAGE
Heparin and PEG MPs that had been incubated with ATDC5 cells in a transwell insert for two days were analyzed via a combination of SDS-PAGE and non-specific-protein staining, a technique previously used to identify proteins of interest bound to microparticles and in nanoparticle protein coronas [35] [36] [37] . Heparin or PEG MPs were cultured in transwell with ATDC5 cells or media only for 2, 8, or 10 days. MPs were isolated and washed with PBS. Scientific) according to the manufacturers' protocol. The gel bands were excised and in-gel digestion was performed as previously described [38] . The peptides were analyzed with Nano-High Pressure Liquid Chromatography-Tandem Mass Spectrometry(nano-LC-MS/MS; see Supplementary Information for more details).
For IGFBP inhibitor studies, ATDC5 cells were cultured in maintenance media until confluent (3-5 days; see Section 2.3 for more details). Once confluent, media was changed to mineralization media, which included 70 µM NBI 31772 (IGFBP inhibitor; R&D Systems) in treatment groups. Cells were fed daily with fresh media containing the inhibitor.
Statistical Analysis
All results are depicted as mean ± standard deviation. ANOVA was used to identify significant factors and interactions, then Tukey's post hoc test (significance level p ≤ 0.05) was used to generate pairwise comparisons between means of individual sample groups and determine statistically significant differences (Minitab 15 Statistical Software).
Results
Heparin and PEG MPs
The percent functionalization of heparin MAm, 3.4kDa PEG-DA and 8kDa PEG-DA was determined to be 15-27%, 58% and 71%, respectively ( Supplementary Fig. 1 ). Heparin MAm MPs (referred to as heparin MPs) and PEG-DA MPs (referred to as PEG MPs and used as a low-binding material control) of similar size were formed (Fig. 1B,C) . The average size of heparin and PEG MPs was 5.0±3.1 and 4.9±3.9 µm, respectively. When incubated in a solution of the protein BMP-2, (known to bind heparin [30] , produced by ATDC5 cells [32] , and implicated in endochondral ossification and chondrogenesis generally [29] ), heparin MPs sequestered nearly 100% of the protein, similar to previous results [24] , while PEG MPs bound very little (Fig. 1D ).
Heparin and PEG MPs were incorporated into ATDC5 cell aggregates (spheroids) at high (3:1 MP:cells), medium (1:1 MP:cells), and low (1:3 MP:cells) ratios. Spheroid sections stained with Safranin-O appeared to contain more heparin MPs as the ratio of MPs:cells was increased ( Supplementary Fig. 2A ). Incorporation efficiency was similar for both heparin and PEG MPs, but decreased with increasing amounts of MPs so that the 3:1 MP:cell ratio effectively yielded a 2:1 MP:cell ratio ( Supplementary Fig. 2B ). The 3:1 (high) and 1:3 (low) MP:cell ratios were used for the remainder of the spheroid studies.
ATDC5 and Heparin MP Spheroid Studies
Heparin MPs were incorporated into ATDC5 cell spheroids and cultured on rotary culture for 18 days (Fig. 1A) . All spheroids were observed to increase in size over time and developed a dense cell border ( Supplementary Fig. 3 ). Heparin MPs stained a light purple with H&E staining, while PEG MPs were dehydrated and either appeared as small purple spheres or were lost due to due to sectioning and the solvents used in the staining process, leaving behind holes in the matrix. No differences in spheroid viability were observed in any of the groups at day 18 ( Supplementary Fig. 4 ).
Gene Expression in Spheroid
Studies-Markers of cellular differentiation, including gene expression and matrix molecule deposition, were assessed. Overall, heparin MPs reduced chondrocytic gene expression to a greater extent than PEG MPs (Fig. 2) . For collagen II, high heparin and PEG MP-containing groups showed significantly lower gene expression than the no MP control at day 6, but the magnitude of the decrease was much greater for the heparin MP group (7.4±1.8-and 1.8±0.2-fold decreased for heparin and PEG, respectively). Collagen II expression in the high heparin-containing MP group was also significantly lower than the low heparin MP group on days 6 and 12, but higher on day 18. For aggrecan, gene expression decreased more in high heparin MP as compared to PEG MPcontaining spheroids at day 6 (16.5±6.2-and 2.9±0.2-fold decrease for heparin and PEG, respectively). Furthermore, the significantly decreased expression for aggrecan persisted through day 18 for the high heparin MP-containing group, while increased gene expression was observed in PEG MP-containing groups at later time points. Lower heparin MPs groups appeared similar to no MP-containing control groups. No significant differences were observed for collagen X gene expression in heparin MP groups, while PEG MPs group demonstrated decreased collagen X expression at day 6 and increased collagen X gene expression at later timepoints compared to no MP controls.
Staining for Differentiation Markers in Spheroid Studies-Collagen II
staining was not as evident in heparin MP groups at day 12 and in the high heparin MP group at day 18 as compared to no MP and PEG MP-containing controls (Fig. 3A ). In addition, endogenous GAG staining was not as obvious in the high heparin MP group as compared to the no MP and PEG MP-containing groups at day 12 (Fig. 3B ).
ATDC5 and Heparin MP Transwell Studies
Gene Expression in Transwell Studies-Heparin and PEG MPs were incubated
in transwell culture with ATDC5 cells for 12 days at one MP dose (Fig. 1A) . Gene expression of differentiation markers collagen II, aggrecan, and collagen X were downregulated in heparin MP groups (3.6±0.9, 3.0 ±1.2, and 4.0±1.4 fold down regulation, respectively) as compared to no MP controls at day 6, while no differences between PEG MP and no MP control groups were observed (1.2±0.2 fold upregulation, 1.0±0.2 fold upregulation, and 1.2±0.2 fold down-regulation, respectively; Fig. 4A ). By day 12, no differences were observed in the high or low heparin or PEG MP groups as compared to no MP groups.
Staining for Differentiation Markers in Transwell
Studies-In 2D culture, GAG (alcian blue staining) and mineral deposition (alizarin red staining) was significantly decreased in heparin MP groups compared to no MP and PEG MP controls, as determined through a destaining assay (Fig. 4B,C) . Additionally, DNA content was measured and found to increase in heparin MP groups compared to no MP controls (Fig. 4D ).
Heparin MP Sequestered Protein Analysis
In SDS PAGE analysis, heparin MP groups showed protein profiles with multiple dark bands, while PEG MPs showed light bands, primarily in the MW range that would be expected for bovine serum albumin (BSA; ~65 kDa), a major component of the FBS used in cell culture (Fig. 5A ). Heparin MPs incubated with cells (media + cell incubation) or in media alone (media incubation) for 2, 8, and 10 days were also analyzed using SDS-PAGE ( Fig. 5B ). (Note that while Silver Stain was used for Fig. 5A , Sypro Ruby stain was used for Fig. 5B as it is more compatible with mass spectrometry, a technique used to identify proteins. Silver stain can be more sensitive than Sypro Ruby, hence the relatively darker bands in Fig. 5A as compared to Fig. 5B .) Dark bands at 17 and 35 kDa were observed for heparin MPs incubated with cells, unlike the heparin MPs incubated with media alone. When analyzed with LC-MS/MS, a variety of bovine and murine proteins were identified, but most prominent were IGFBP-3 and 5, found in both the 17 and 35 kDa bands ( Supplementary Fig. 5 and Tables 2-28 ).
Effect of IGFBP Inhibitor on ATDC5 Cell Differentiation
When cultured with a small molecule inhibitor of IGFBP, less staining was observed in ATDC5 cells at day 12 for both GAG (alcian blue) and mineral (alizarin red) deposition, which was statistically significant when analyzed via a stain extraction assay (Fig. 6A) .
Additionally, the total cell number remained the same as indicated by no changes in DNA content in groups with and without the inhibitor (Fig. 6B ).
Discussion
Overall, the objective of this study was to modulate cellular differentiation through heparin MP-mediated endogenous protein sequestration. ATDC5 cells in spheroid and monolayer culture were used as a model system upon which to test this technology, as these cells are known to undergo endchondral ossification and to secrete a variety of heparin-binding factors during differentiation, some of which include BMPs, FGFs, and IHH [32] . Heparin and PEG MPs (used as a low-binding material control; Fig. 1 ) were incorporated into ATDC5 spheroids to assess the influence of heparin MPs on differentiation. In high heparin MP spheroids, gene expression for differentiation markers collagen II and aggrecan was downregulated as compared to PEG MP and no MP-containing groups. Only subtle differences were observed for the low heparin MP-containing spheroids, suggesting that the observed changes in differentiation were dose-dependent. Interestingly, gene expression for the high heparin MP group was similar to that of the no MP-containing group by later time points, suggesting that the effect of heparin MPs was transient (Fig. 2) . Decreased staining for collagen II and GAG was observed in the high heparin MP group as compared to PEG MP and no MP control groups, confirming trends observed in gene expression data (Fig. 3 ).
Taken as a whole, these results indicate that heparin MPs transiently delayed or reduced endochondral ossification in a dose-dependent manner, possibly due to sequestration of cellsecreted soluble factors by the heparin MPs.
In order to further investigate the hypothesis that heparin-mediated soluble factor sequestration was responsible for changes in differentiation, a transwell culture system was employed, allowing for exchange of soluble factors but no physical contact between cells and MPs. Similar to what was observed in spheroid culture, heparin MPs reduced or delayed differentiation in ATDC5 cell transwell culture, which was not due to decreased cell number in the heparin MP groups (Fig. 4) . In heparin MP groups, cell count appeared to be higher than in no MP groups, which could suggest that cells proliferated rather than differentiated (Fig. 4D ), but more experiments would need to be performed to confirm this hypothesis. As was observed in spheroid culture, gene expression in heparin MP groups returned to baseline at later timepoints ( Fig. 2 and 4A ), suggesting that heparin MPs modulated differentiation in a temporally controlled fashion. Overall, as heparin MPs were able to effect these changes without physically contacting the cells, this set of experiments supports the hypothesis that the impediment of differentiation was due to sequestration of soluble factors.
To further confirm this hypothesis, proteins bound by heparin and PEG MPs from days 2 and 4 in transwell culture were run on SDS-PAGE gels, and observed protein profiles showed that PEG MPs bound fewer proteins than heparin MPs (Fig. 5A.) , indicating that heparin MPs were able to bind protein from the culture environment. However, in these experiments, there were two possible sources for the proteins in the culture environment: cell-secreted proteins or serum proteins (from the culture media). A variety of serum proteins, including fibronectin, fibrinogen, kininogen, plasminogen, and lipoproteins [39] [40] [41] [42] [43] , are known to bind heparin with strong affinity and some of these proteins have been shown to bind heparin MPs both in previous work and this study ( Supplementary Tables 2-28 ) [37] .
To investigate the source and identity of sequestered proteins, heparin MPs incubated with cells or in media alone were run on SDS-PAGE. Resulting protein profiles indicated that heparin MPs incubated with cells bound additional 17 and 35 kDa proteins in comparison to heparin MPs incubated in media alone (Fig. 5B) , indicating binding of cell-secreted protein.
In addition, the quantity of these proteins appeared to increase between days 2 and 8, but not between days 8 and 10. If protein bound to heparin MPs did increase over time, it is possible that heparin MPs became saturated with a particular set of proteins, which could be a result of the relative affinity between heparin and various proteins in the environment. This hypothesized mechanism could explain why heparin MP mediated delays in ATDC5 cell differentiation was dose-dependent and why a transient delay in differentiation was observed. Overall, these results provided further evidence that the heparin MPs likely sequestered cell-secreted protein in a manner that affected cell differentiation.
To further identify proteins sequestered by heparin MPs, mass spectrometry analysis of excised 17 and 35 kDa bands was performed. The most prominent proteins identified were IGFBP-3 and 5. IGFBPs are known to bind IGF-1 and 2 with high affinity and act as carrier proteins that increase the half-life of IGF and prevent IGF binding to its cell surface receptor, though some evidence indicates that they may facilitate receptor-ligand binding at times [44, 45] . In order to release free IGF, proteases break IGFBPs into smaller fragments, ranging from 17-22 kDa [46] . It is likely that these fragments (in the case of IGFBP-3, 40-50 kDa) [47] or whole proteins (in the case of IGFBP-5, 28-35 kDa) [47] were observed in the SDS-PAGE protein profiles.
While other proteins were identified to be bound to heparin MPs in the mass spectrometry analysis (pleiotrophin, procollagen C-endopeptidase enhancer, histone, thrombospondin, collagens I, II, and III, etc.; Supplementary Tables 2-28 ), IGFBPs were very prominent (based on peptide spectra matches (PSM)) throughout all samples. Based on the role of IGFs in ATDC5 cell differentiation, IGFBPs were the sequestered protein hypothesized to be most likely to affect differentiation. In ATDC5 cells, IGF is known to enhance proliferation and differentiation [48] . This suggests that the binding of IGFBP by heparin may have reduced IGF signaling and downstream differentiation by 1) inhibiting IGFBP-IGF binding and reducing IGF half-life or 2) decreasing the effectiveness of IGF binding to its cell surface receptor. Alternatively, because there is evidence that lower concentrations of IGF are more potent at stimulating ATDC5 cell differentiation [48] , it is possible that the binding of IGFBP by heparin may have released additional IGF and promoted proliferation, rather than differentiation.
In order to further confirm that heparin MP-mediated sequestration of IGFBPs caused the changes in differentiation observed, a small molecule known to inhibit IGFBP by displacing IGF (but not to interact with IGF receptors) [49] , was added to ATDC5 cell culture media.
Similar to the effect of heparin MPs on ATDC5 cells, a reduction in cellular differentiation was observed in groups containing the inhibitor (Fig. 6) . While it is possible that the inhibitor could affect the cells independently of IGFBP blocking due to off-target effects, these experiments suggest that heparin MPs may bind and inhibit IGFBP in a manner similar to the small molecule inhibitor and support the hypothesis that heparin MPs inhibit cell differentiation through binding of cell-secreted protein. While the ability of heparin MPs to reduce cellular differentiation through sequestration of IGFBP may be specific to the ATDC5 cell line, these studies highlight the utility of heparin MPs for interrogating the role of secreted proteins in the cellular microenvironment.
This work shows the potential of heparin-based materials to modulate cellular differentiation through sequestration of cell-secreted protein, a novel tool to control differentiation. In previous studies, heparin or heparan sulfate have been speculated to bind proteins in the local microenvironment or shown to bind protein added exogenously to the culture system [4, 7, [50] [51] [52] [53] [54] [55] [56] , but this work highlights the potential for heparin MPs to be used as a tool to control cell differentiation directly through sequestration of cell-secreted protein. In addition, heparin MPs are advantageous over soluble GAGs, as they are easier to localize within cellular systems. While other studies have used protein-specific antibody or peptidebased sequestration strategies to affect cellular differentiation [5, [57] [58] [59] [60] , GAG-based sequestration systems may be particularly advantageous in therapeutic applications, as they can bind many (rather than one) endogenously-produced proteins implicated in evolving and time-dependent differentiation processes [30] . For example, heparin MPs could be employed to sequester osteogenic proteins to reduce early suture closure in the case of craniosynostosis [57, 61] or to delay cellular differentiation in growth plate repair to prevent bone bridge formation [62, 63] . Given the ability of heparin MPs to downregulate collagen X expression in this cell line ( Fig. 2 and 4A ), these particles may be further investigated for their ability to delay or restrict chondrocyte hypertrophy, which is a major challenge in cell therapies requiring chondrocytic differentiation [33] . Finally, as we have shown with our sequestered protein analysis techniques, GAG-based MPs could be used experimentally as a "first pass" to understand how cell-secreted protein sequestration affects a system of interest, and analysis of sequestered protein could inform design of future, protein-specific sequestration systems.
Conclusions
In summary, we have developed a technique by which cellular differentiation can be modulated solely through the introduction of a GAG-based biomaterial. Through sequestration of cell-secreted proteins, heparin MPs can be used to direct cell behavior without delivering exogenous protein, reducing cost while increasing efficiency in tissue regeneration applications. In addition, heparin may be therapeutically advantageous over other protein-specific affinity systems, as it can sequester multiple growth factors involved in differentiation processes. Experimentally, this technique could also potentially be used to identify proteins produced in the local microenvironment, illuminating new protein pathways to target in future applications requiring control of cellular differentiation for a wide range of regenerative medicine applications.
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Statement of Significance
In this work, we present a proof-of-principle set of experiments in which heparin-based microparticles are shown to modulate cellular differentiation through binding of cellsecreted protein. Unlike existing systems that rely on expensive protein with limited halflives to elicit changes in cellular behavior, this technique focuses on temporal modulation of cell-generated proteins. This technique also provides a biomaterials-based method that can be used to further identify sequestered proteins of interest. Thus, this work indicates that glycosaminoglycan-based biomaterial approaches could be used as substitutes or additions to traditional methods for modulating and identifying the cell-secreted proteins involved in directing cellular behavior. Gene expression of chondrocytic markers was decreased in ATDC5 cell spheroids with heparin MPs as compared to PEG and no MP groups. Fold change normalized to the no MP control is reported for collagen II, aggrecan, and collagen X (N=3 groups of 6000 spheroids;
Data are means +/− SD; *=significantly different than no MP on same TP; #=significantly different than low MP on same TP; p<0.05). 
